ABSTRACT Accurate quantification of the ionic contribution to RNA folding stability could greatly enhance our ability to understand and predict RNA functions. Recently, motivated by the potential importance of ion correlation and fluctuation in RNA folding, we developed the tightly bound ion (TBI) model. Extensive experimental tests showed that the TBI model can lead to better treatment of multivalent ions than the Poisson-Boltzmann equation. In this study, we use the model to quantify the contribution of salt (Na þ and Mg 2þ ) to the RNA tertiary structure folding free energy. Folding of the RNA tertiary structure often involves intermediates. We focus on the folding transition from an intermediate state to the native state, and compute the electrostatic folding free energy of the RNA. Based on systematic calculations for a variety of RNA molecules, we derive a set of formulas for the electrostatic free energy for tertiary structural folding as a function of the sequence length and compactness of the RNA and the Na þ and Mg 2þ concentrations. Extensive comparisons with experimental data suggest that our model and the extracted empirical formulas are quite reliable.
INTRODUCTION
To understand the functions of nucleic acids, we need to be able to quantitatively predict and analyze their folding. Nucleic acids are highly negatively charged molecules, and their folding into compact native structures involves a significant juxtaposition of negative charges on the backbone and a consequent significant charge-charge repulsion against folding. Metal ions are critical for tertiary structural formation of RNAs because the ions can neutralize backbone charge repulsion (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . In this work, we aimed to develop a theory to quantitatively predict the ion-dependent electrostatic contributions to the stability of RNA tertiary structural folding.
Most nucleic acids fold in a hierarchical and sequential manner (2, 4) . The secondary segments are formed first with strong Watson-Crick basepairing/stacking interactions, followed by the formation of tertiary structures in which helices and loops are juxtaposed to form a compact threedimensional (3D) structure (1, 2, 4 ). An RNA sequence may form multiple secondary structures and consequently multiple tertiary structures. Furthermore, with the help of metal ions, RNA tertiary structure folding could also involve rearrangement of the secondary structures (16, 17) . Therefore, RNA folding can involve a complex dependence on metal ions. To understand how ions facilitate the formation of RNA tertiary structures, we need to quantify the different energetic components of this process, including the conformational entropy, the basepairing/stacking interaction energy, the ion-mediated global electrostatic energy, and the free energy for specific tertiary contacts. These different components are coupled. However, as an approximation, for the purpose of investigating the ion dependence of folding stability, we focus here on the electrostatic effects.
For the formation of secondary structural segments, the thermodynamic parameters at a standard salt condition (i.e., 1 M Na þ ) have been experimentally determined. These parameters form the basis for the predictions of RNA and DNA secondary structures and folding kinetics (18) (19) (20) (21) . Moreover, for other, nonstandard ionic conditions, experimental and theoretical studies have produced a series of energetic parameters for helices (19, (22) (23) (24) (25) (26) (27) and loops (25) . However, for tertiary structure folding, our ability to quantitatively predict the ion effect on folding stability is still very limited (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Our goal in this work was to develop a theory to quantify the ion dependence of tertiary structural folding stability.
Because RNA tertiary structure folding involves a very high charge density on backbone and very complex structures, the ion effect can be particularly complex (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . For a long time, there have been two polyelectrolyte theories: the counterion condensation (CC) theory (28) and the Poisson-Boltzmann (PB) theory (29) (30) (31) (32) (33) . For complex RNA tertiary structures, the straight line-charge model used in the CC theory is not applicable (28) . Furthermore, the RNA charge buildup in tertiary structures can cause a significant accumulation of cations around the RNA. Theoretical and experimental studies suggest that the accumulation of multivalent ions such as Mg 2þ around nucleic acids could potentially cause a strong correlation (coupling) of ions (8, 34, 35, 62) in the vicinity of RNAs, i.e., the potential acting on an ion is a function not only of the coordinates that define the position of the ion but also of the instantaneous configuration of the other ions. For example, in an experiment involving Mg 2þ -induced compaction in a tethered DNA duplex system (62) , it was found that the PB-predicted midpoint [Mg 2þ ] value required for duplex compaction was 10 times higher than the experimentally measured value, and inclusion of the correlation effect led to significantly improved predictions (8) . The PB theory ignores such ion-ion correlations, which could provide an important electrostatic force in stabilizing a tertiary fold.
To take into account the effects of ion correlations and the ion-binding ensemble, we developed the tightly bound ion (TBI) model (39) . Extensive experimental comparisons showed that the inclusion of ion correlation and fluctuation leads to improved predictions for the thermodynamic stability of DNA and RNA helices (25) (26) (27) , and DNA helix-helix assembly (40) (41) (42) (43) . Recently, this model was refined to treat complex DNA/RNA structures with atomic detail, and was shown to give reliable predictions of ion-binding properties for a variety of DNA and RNA structures (44) .
In this work, we used the TBI model to calculate the effects of Na þ and Mg 2þ on the stabilization of RNA tertiary structures. Through systematic calculations for a variety of RNA structures, we derived a set of empirical formulas to quantify the contributions of Na þ and Mg 2þ to the stability of RNA tertiary structure folding. Our predictions and empirical formulas are compared with and supported by extensive experimental measurements.
METHODS

General description
Under different ionic conditions, an RNA can have different stable states. We consider three states: unfolded, intermediate, and native (folded). At a low ion concentration, the RNA forms an unfolded state due to the strong Coulombic repulsion of the backbone. The unfolded state is an ensemble of fluctuating coil-like conformations. At a moderate ion concentration, the RNA is partially neutralized and the Coulombic repulsion is reduced. As a result, the secondary structure (helices and loops) can be formed and stabilized by basepairing/stacking interactions. We call such a structure the intermediate state I . At a low/moderate ion concentration, the formation of the helices is accompanied by a larger accumulation of backbone charges (compared with a single-stranded chain), and charge neutralization may not be strong enough to cause the formation of stable tertiary interactions. When the ion concentration becomes sufficiently high, an ion-mediated interaction leads to a higher frequency of close proximity between secondary structural subunits (helices and loops 
Structural models
To evaluate the ion electrostatic effects, we first need to build the 3D atomic structures for the different states.
Native structures
We (52) . For the HIV-1 kissing complexes studied here (53) , because of the similarity in the sequences and basepairing/coaxial-stacking patterns, we used the structure of HIV-1(MAL) genomic RNA DIS (54) (PDB code: 2B8S) to model the 3D structures of the HIV-1 Lai DIS kissing complexes (45, 53, 54) . We also studied the T4 gene mRNA pseudoknot and its variant (T4-35 and T4-32 pseudoknots) with 35 and 32 nucleotides, respectively. Table 1 (45, 46) . Here, given the short helices in the intermediate states (1, (48) (49) (50) (51) (52) (53) (54) , we choose N 0 ¼ 24-nt (i.e., 12 bp). We produced the atomic structures of the A-form RNA helix for modeling the intermediate state using X3DNA software (55) . The control tests on the effect of the approximate structural model for the intermediate states suggest that the predictions are not very sensitive to the selection of N 0 around 24-nt (see ''Effect of the structural model for intermediate states'' below). We note that a similar approximation was used and gave good results in previous studies on the effects of salt on hairpin stability (22) , RNA tertiary structure folding (45, 46) , and the stability of HIV DIS Lai type kissing complex (44, 47) .
TBI model
The high concentration of counterions near the RNA surface could potentially cause strong correlation (coupling) between the ions. Such an effect is stronger for multivalent ions. To account for this potentially important effect, we classify the multivalent ions into two types (39) (40) (41) (42) (43) (44) : tightly bound (TB; strongly correlated) and diffusively bound (weakly correlated). The corresponding spatial regions are called the TB region and the diffusive region, respectively. It is important to note that the TB ions are mobile and involve no site-specific binding. For the TB ions, we enumerate discrete ion distributions to account for the correlation effect. For the diffusively bound Biophysical Journal 101(1) 176-187 ions, we use the mean-field (PB) equation. We treat the monovalent ions, whose correlation effect is negligible, as a diffusive ionic background.
To enumerate the ion distributions for the TB ions, we discretize the TB region into cells, each around a phosphate, and describe the ion distribution (also called the ion-binding mode) in a coarse-grained representation (as the number of ions in each cell). The total partition function Z for the TB ions is given by the summation over all the possible binding modes M: Z ¼ P M Z M , where Z M is the partition function for a binding mode M. The electrostatic free energy for a given RNA structure is determined as
. Details about the numerical computation and the parameter sets are described in the Supporting Material. As illustrated in Fig. S6 , because the correlation effect causes the TB ions to self-organize and form the low-energy states g represent the radii of gyration of a RNA tertiary structure and the corresponding A-form RNA duplex with the same chain length, respectively. Larger R 0 g /R g corresponds to more-compact tertiary structure folding (44) . y Thermodynamic data for the reference salt conditions are experimentally available. z Thermodynamic data are taken from the experiments at the reference salt conditions. x As an approximation, we use the wide-type HIV-1 Lai (54) to model the HIV-1 type kissing complex (53) because they have similar kissing interfaces, stems, and unkissing hairpins (44) . { 3D atomic structures are not available in the PDB and NDB. We assume R 0 g =R g x1:04 and 1.1 for T4-35 and T4-32, respectively, because T4-35 has longer tails than the T2 pseudoknot, whereas T4-32 is similar to the T2 pseudoknot in structural compactness (58, 60) . (54); (E) T2 gene 32 mRNA (T2) pseudoknot (PDB code: 2TPK) (51); and (F) MMTV frameshifting pseudoknot (PDB code: 1RNK) (52) . See also Table 1 .
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that cannot be reached by the mean-field states, the TBI model may give improved predictions for RNA-Mg 2þ interactions (44) .
RESULTS AND DISCUSSION
We investigate the ion-dependent folding free energy for a series of RNAs of chain length from 29 nt to 76 nt in a solution with [Na þ ] varying from 1 mM to 3 M, and [Mg 2þ ] from 0.1 mM to 0.1 M. We derive empirical formulas for the electrostatic folding free energies as functions of RNA chain length, structural compactness, and [Na þ ] and [Mg 2þ ]. The empirical formulas are then compared with and validated by extensive experimental data for a variety of RNA structures (12, 53, (56) (57) (58) (59) (60) .
To quantitatively describe the compactness of the RNA structure, we introduce a parameter r g ¼ (R g 0 /R g ), where R g and R g 0 are the radii of gyration of the folded (native) RNA structure and the corresponding A-form RNA duplex with the same chain length (44), respectively. The r g (¼ R g 0 /R g ) parameters for the RNAs used in the study are shown in Table 1 .
Electrostatic contribution to RNA tertiary structure folding
The electrostatic free energies for tertiary structural folding are shown in Figs In the following, we analyze the general and specific features of the different RNAs at different ionic conditions (pure Na þ , pure Mg 2þ , and mixed Na þ /Mg 2þ solutions, respectively). To compare the ion effects between the RNAs with different sequence lengths (Ns), we compute the electrostatic free energy per nucleotide: Dg
and 3).
In a Na ]-dependent behaviors discussed above suggest that the Na þ contribution to RNA tertiary structure folding is dependent not only on [Na þ ] but also on the structural compactness and chain length. (12, 45, 46) . However, for the 58-nt rRNA fragment, a previous PB-based computational study suggested that specific binding of Mg 2þ may play a role (45, 46) . The good agreement between theory and experiment suggests that for the RNAs studied here, specific ion binding may not play a dominant role in the overall stabilization of the global fold.
The ion dependence of DG E for the six RNAs shows the following general properties: 1) The tertiary folding free energy depends not only on ion concentration but also on the structural compactness of the sequence length of the RNAs. For example, the tertiary folding stability of tRNA Phe and the 58-nt rRNA fragment show a much stronger ionconcentration dependence than the pseudoknots, because the folding of tRNA Phe and the rRNA fragment involves the strong compaction of multiple secondary fragments, whereas pseudoknots only involve the weak compaction with the binding of dangling tails during tertiary folding. 2) Mg 2þ is much more efficient than Na þ in stabilizing RNA tertiary folding stability. Mg 2þ of millimolar concentration could cause higher tertiary folding stability than Na þ of molar concentration.
Parameterizations for the salt contributions to RNA tertiary structure folding
In the above calculations, we showed that our predictions for the Mg 2þ contribution (DDg Mg 2þ ) to RNA tertiary structure folding agree well with the available experimental data. In similarity to the empirical formulas for DNA and RNA helices in various Na þ (K þ )/Mg 2þ solutions, we fit empirical formulas for the electrostatic free energy for the different RNA structures in terms of the compactness of the RNA structure and the logarithms of the cation concentrations (19, 24, 26, 27 Based on the systematic calculations for the different RNAs, we fit the following empirical formula for the electrostatic free energy DG E (in kcal/mol) for RNA tertiary structure folding in pure Na þ solutions:
where DG 1M Na þ (in kcal/mol) is the folding free energy at standard 1 M Na þ salt, and the coefficients a 1 and b 1 are
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given in the Supporting Material. As shown in Fig. S7 , Eq. 4 gives a good fit to the calculated DG E in pure Na þ solutions for the six RNAs at the different temperatures.
In a Mg 2þ solution
For the tertiary structure folding in a pure Mg 2þ solution, we have the following empirical formula for the electrostatic folding free energy:
where the coefficients a 2 , b 2 , and c 2 are given in the Supporting Material, and T* is the effective temperature T/298.15 K. Fig. S7 shows that Eq. 5 fits the calculated DG E well for the six studied RNAs in pure Mg 2þ solutions.
In a mixed Na 
where the first two terms represent the fractional contributions from Na þ and Mg 2þ , respectively, and x and the cross-term Dg 12 are given in the Supporting Material. As shown in Fig. S8 , Eq. 6 gives a good fit with the TBI calculations on DG E [Na þ /Mg 2þ ]. In addition, for BWYV pseudoknot, 58-nt rRNA fragment, and yeast tRNA Phe , as shown in Fig. S9 , the empirical formulas (Eqs. [3] [4] [5] [6] give good predictions regarding the Mg 2þ contributions DDG Mg 2þ to RNA tertiary folding free energy as compared with the experimental data (12, 56, 57) .
Many previous studies on ion-nucleic acid interactions relied on the preferential interaction coefficient to describe the ion uptake/release in the nucleic acid folding process (3, 12, 22, (63) (64) (65) (66) (67) (68) . The preferential interaction coefficient provides a direct account of ion accumulation/exclusion around a nucleic acid. The theoretical calculation for the preferential interaction coefficient involves integration of the excess ion concentrations in the solution space, and requires a full calculation of the ion distribution using the TBI/PB models. To provide a computationally efficient estimate of the ion-dependent free energy, here we use the (bulk) ion concentrations to parameterize the free energy. Unlike the preferential interaction coefficient, which is directly related to the nonideality of the ionic solution due to the presence of the RNA, the empirical formulas derived above show the solution nonideality (due to ion-RNA interaction) in a more implicit way through the nonlinear terms of the logarithms of the ion concentrations. However, to unveil the quantitative relationship between the solution nonideality and the nonlinear expansions in the above formulas, we need to perform systematic calculations, and with high-salt concentrations these calculations are complicated due to the further nonideality of the ionic solution (see Conclusions and Discussion).
Na
D /Mg 2D -dependent RNA tertiary structure folding stability
In addition to the good agreement between our predictions and experimental data regarding the Mg 2þ contribution to RNA tertiary structure folding free energy (DDG Mg 2þ ), we further use the empirical formulas to predict the ion-dependent tertiary structure folding stability and compare the predictions with experimental results for a set of RNAs: BWYV pseudoknot, T4-35 and T4-32 pseudoknots, HIV-1 DIS-type kissing complex, MMTV pseudoknot, and T2 pseudoknot (see Table 1 ).
As an approximation, the total tertiary structure folding free energy DG can be decoupled into an electrostatic contribution DG E [Na þ /Mg 2þ ] and a nonelectrostatic contribution DG NE (26, 27) :
where DG[expt. Na þ ] is the available free energy at an experimental ionic (Na þ ) condition, and
Na þ ] can be estimated from the above empirical formulas (Eqs. [4] [5] [6] . If the tertiary structure folding is a two-state transition, the melting temperature T m can be estimated from DG T¼T m ¼ 0 (19).
BWYV pseudoknot
For BWYV pseudoknot, with the above parameterized salt extensions, we predict DG as functions of [Na þ ] and [Mg 2þ ]. As shown in Fig. 4 , A and B, our predictions agree well with the available experimental data (12) for both Na þ and mixed Na þ /Mg 2þ solutions. For pure Na þ solutions, the increase of [Na þ ] decreases DG, and thus enhances the folding stability due to the decrease in ion-binding penalty and hence the enhanced ion neutralization. For the mixed Na ] causes a transition from Na þ -dominating stability to Mg 2þ -dominating stability, and enhances the RNA tertiary stability. As discussed above and in previous studies (25, 26, 44) , this transition comes from the interplay between Na þ binding and Mg 2þ binding. The good agreement between the experimental data and our calculations without considering specific ion binding suggests that nonspecific ion binding may play a dominant electrostatic role in stabilizing this pseudoknot. This result is in accordance with a previous experimental analysis (12) . Note that our predicted DG is the free-energy change Biophysical Journal 101(1) 176-187 from the intermediate state (with secondary segments) to the native tertiary structure. The experiment suggests that there are two subtransitions from the secondary structure intermediate state to the native state for BWYV pseudoknot. Therefore, the total tertiary structure folding free energy is the sum of the two subtransitions (12) .
Kissing complex
The kissing complex is a structurally and functionally important tertiary structural segment. The system may serve as a paradigm for loop-loop tertiary structural motif (1,2). Here, we estimate the Na þ -and Mg 2þ -dependent stability for a 42-nt HIV DIS-type kissing complex (44, 53) . ] lead to increases of the melting temperature and the folding stability. The experimental comparisons show that our predictions can provide a quantitative estimation of the ion dependence of folding thermodynamics for the kissing complex in both Na þ and Mg 2þ solutions (53) . At high [Mg 2þ ], our predicted T m is slightly higher than that in the experimental data (53) . This may be a result of neglecting the conformational ensemble for the intermediate state, which would cause an underestimation of the conformational entropy of the separated hairpins and hence an overestimation of the kissing complex stability at high [Mg 2þ ].
T4-35 and T4-32 pseudoknots
Based on the parameterized formulas, we estimate the folding stability for the T4-35 pseudoknot and its variant T4-32 pseudoknot. Fig. 5, A and B, show that our predicted free energies agree well with the available experimental measurements for the two RNAs (60). Specifically, adding Mg 2þ ions leads to a decrease of the folding free energy DG and stabilization of the structure, and this enhancement is more pronounced for a larger molecule (e.g., T4-35).
Because the tertiary structure folding of the two pseudoknots is a standard two-state transition (60), we can readily estimate the melting temperature T m . As shown in Fig. 5 , C and D, our predicted T m s are in good agreement with the experimental measurements (60), except for a slight overestimation at very high [Mg 2þ ] (T10 mM). The slight overestimation of the T m at high [Mg 2þ ] may be due to the simplification of the two-state model. Neglecting the conformational ensemble for the intermediate state may cause an underestimation of the conformational entropy, which could play an important role at high ion concentration and high temperature, causing a slight overestimation of T m at high [Mg 2þ ]. The 3D atomic structures for the two RNAs examined here are not available in the PDB or Nucleic Acid Database (NDB). In the calculations, we assume R g 0 /R g~1 .05 and 1.1 for T4-35 and T4-32, respectively, because T4-35 has longer dangling ends than the T2 pseudoknot, and the structural compactness of T4-32 is similar to that of the T2 pseudoknot (58,60) (see Table 1 ). Our control tests indicate that the predicted results are not very sensitive to the slight change around the used values of R g 0 /R g . In addition, as shown in Fig. 5 , the ion dependence of the T4-35 pseudoknot is only slightly stronger than that of the T4-32 pseudoknot. We also applied the above Na Effect of the structural model for the intermediate states Fig. S11 C, the slight change in N 0 does not affect the good agreement between the predictions and the experimental data for DDg Mg 2þ (12, 45, 56, 57) . From the above control tests, we find that the theoretical predictions are not very sensitive to the selected helix length, N 0~2 4 nt, for the intermediate state.
Nevertheless, the above model for the intermediate state is a simplified approximation. The realistic intermediate state should be represented as an ensemble of fluctuating conformations whose distribution is dependent on the ionic environment. Although the approximation gave useful results in this and previous studies, a rigorous, thorough study based explicitly on the complete conformational ensemble is needed to examine the validity of this simplified model. For example, would the approximation be more reliable for low or high ion concentrations? How is the ion condition coupled to the conformational ensemble heterogeneity and conformational entropy of the intermediate states?
Neglecting the conformational ensemble for the intermediate state may cause the underestimation in the conformational entropy of RNA, which could play an important role at high ion concentration and high temperature, and may be responsible for the slight overestimation of T m at very high [Mg 2þ ]. The current form of the model, however, cannot provide such a complete investigation because it would be computationally demanding to run the TBI computation for each and every conformation in the ensemble. 
CONCLUSIONS AND DISCUSSION
In this work, we used the recently developed atomistic TBI model to quantify the contribution of ions (Na þ and Mg 2þ ) to RNA tertiary structure folding stability. Based on systematic calculations on a series of RNAs, we derive empirical formulas to quantify the salt dependence of the RNA tertiary folding free energy. The predictions and empirical formulas derived from the theory agree with extensive experimental data. In addition, our study leads to the following conclusions:
1. The Na þ and Mg 2þ contributions to RNA tertiary structure folding free energy depend not only on the Na þ and Mg 2þ concentrations but also on the RNA chain length and structural compactness. Mg 2þ plays a more important role in stabilizing more compact tertiary structure folding of longer RNA chains. 2. Mg 2þ is much more efficient than Na þ in stabilizing RNA tertiary structures (44, 66 contributions to RNA tertiary structure folding free energy. The formulas are validated by the extensive comparisons with experimental data, and thus may be reliable and practically useful.
The agreement between our predictions and the extensive experimental data suggests that the TBI model may provide a reliable treatment for predicting the electrostatic free energy of complex nucleic acid structures with atomic detail. However, in modeling RNA tertiary structure folding, we employ several important approximations.
First, the RNA tertiary structure folding is modeled as a two-state transition from the secondary structure as the intermediate state to the native state, and the mean electrostatic properties of intermediate state are modeled as those of a finite-length A-RNA helix. With such an approximation, we neglect the detailed structure and the conformational ensemble of the intermediate state, whose conformational distribution is dependent on the ion environment (66) . Although the results of this work and previous studies suggest that the approximation may provide a useful lowest-order description for the structural ensemble-averaged properties in nucleic acid folding thermodynamics (22, (44) (45) (46) , a more accurate representation of the structures is required to determine how the structural details and conformational ensemble of the intermediate state affect the folding stability, as explained above and suggested by recent experiments (66) .
Second, in the TBI model, we ignore specific binding and possible dehydration effects. Specific binding may play an important role in stabilizing specific tertiary structure through binding into specific pockets with specific chemical identity, although the effect may not be dominant for ion effects of the overall folding stability for the RNAs studied here. Furthermore, in the TBI model, we also ignore sequence-dependent ion binding. Ions can preferentially bind to C/G or A/T-rich sequences, and this effect is important for sequence-directed DNA/RNA bending (42, 72) . For the RNA molecules with generic sequence studied here, such an effect may not be significant.
Third, in the TBI model, we assume that the charges on an RNA are distributed only on phosphates, and other atoms are completely neutral. Such an approximation may be valid for the macroscopic electrostatic properties studied here, as suggested by the good theory-experiment agreement. However, further developments need to include more-detailed distributions of the specific (partial) charges of the RNA.
Finally, in modeling the salt solutions, we assume that ions are completely dissociated, and ignore the nonideality (such as ion pairing) of salt solutions (38) . Such an approximation may be valid at low salt concentrations; however, for very high salt concentrations, due to cation-coion attractions, cations can form ion clusters with coions, and the effective valency of cations can be decreased (38) . The nonideality of the solution would be effectively described by the activity instead of the concentration (67, 68) . Neglecting the nonideality could also cause an overestimation of the role of cations in stabilizing RNA tertiary structures at high salt concentrations, especially for multivalent solutions. Further development of the theory should include the effects of solution nonideality (38, 67, 68) .
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